Recent, parallel developments in the study of freshwater and marine ecosystems have provided evidence that net heterotrophic systems (those in which respiratory organic matter destruction exeeds photosynthetic production) are more prevalent than hitherto believed, including most rivers, oligo-to mesotrophic lakes and some oligotrophic regions of the ocean. In parallel, these aquatic ecosystems have been shown to act as CO 2 sources to the atmosphere, as expected from the heterotrophic nature of the communities they contain. The prevalence of net heterotrophic aquatic ecosystems indicates that they must receive significant inputs of organic carbon from adjacent ecosystems, assigning an important role to the lateral exchanges of carbon between land and aquatic ecosystems, between coastal and open ocean ecosystems, as well as internal redistribution within large or complex aquatic ecosystems in determining their metabolic status and the gaseous exchange with the atmosphere. The examination of the carbon budget of ecosystems requires, therefore, an integrative approach that accounts for exchanges between compartments often studied in isolation. These recent findings conform a new paradigm of the functioning of aquatic ecosystems, and the metabolic connectivity between ecosystems in the biosphere.
INTRODUCTION
Aquatic ecosystems, freshwater and marine, cover 77% of the surface of the Earth and contribute more than half of the global primary production (Field and others 1998) . Although this primary production supports highly productive food-webs, the aquatic environment is also the site of intense catabolism of the organic carbon originating from this internal production and materials exported from land (Schlesinger and Melack 1981;  importance of aquatic respiration as a source of CO 2 (del Giorgio and Duarte 2002) .
Historical emphasis on primary production and, particularly, the study of lakes and oceans as isolated ecosystems led to the generalized expectation that aquatic ecosystems ought to be net autotrophic, with production exceeding respiration. However, our plea is that the weight of evidence is now shifting considerably: whereas net autotrophy was until recently considered the normal functioning of most aquatic systems, we contend that net heterotrophy is far more prevalent than previously believed. This contention is based on the growing evidence that respiration exceeds primary production in many aquatic ecosystems, which are therefore net heterotrophic (for example, Smith and MacKenzie 1987; Smith and Hollibaugh 1993; del Giorgio and Peters 1994; Duarte and Agustí 1998; Agustí and others 2004; Caffrey 2004 ). The shift in our perception of the prevalence of net heterotrophy in aquatic ecosystems has important consequences for our understanding of their role in the global carbon cycle. Here we integrate these parallel debates to produce a coherent framework of the role of aquatic ecosystems on the metabolism and the associated gas exchange of the biosphere.
METABOLISM IN AQUATIC SYSTEMS
The metabolism of aquatic ecosystems, the production and destruction of organic matter derived, respectively, from the gross primary production (GPP) and respiration (R) of the communities, was proposed half a century ago as a powerful, synthetic descriptor of ecosystem functioning (Odum 1956 ). Odum (1956) characterized aquatic ecosystems as net autotrophic when GPP was greater than R, and net heterotrophic when GPP was less than R. However, H.T. Odum postulated that most unpolluted aquatic ecosystems would show a balanced or net autotrophic metabolism, and only organic-polluted and distrophic (that is, humic) ecosystems were expected to be net heterotrophic (Odum 1956 ). The traditional view that aquatic systems in general were fed through the photosynthetic activity of their primary producers has been radically altered as evidence for the connectivity between land and aquatic ecosystems increases (for example, Cole and Caraco 2001; Richey and others 2002; Caraco and Cole 2004; Pace and others 2004; Vanni and others 2004) . Upon entering aquatic ecosystems, organic carbon exported from land undergoes chemical and photo-chemical alterations rendering it more amenable to bacterial degradation, which can potentially raise aquatic respiration beyond the limits imposed by aquatic photosynthesis (Cole 1999; Scully and others 2003) . This situation is most likely met in unproductive aquatic ecosystems, which are often found to be, consequently, net heterotrophic (del Giorgio and others 1997; Duarte and Agustí 1998; Duarte and others 2001) . Recent syntheses of the metabolic balance of aquatic ecosystems have revealed that respiration tends to dominate over production in many rivers, estuaries, oligotrophic to mesotrophic lakes, reservoirs, and regions of the oligotrophic ocean (Smith and Hollibaugh 1993; del Giorgio and Peters 1994; Duarte and Agustí 1998; Prairie and others 2002; Caffrey 2004) , whereas littoral, particularly macrophyte-dominated ecosystems, nutrient-rich lakes or DOC-poor lakes, and coastal lagoons tend to be autotrophic (Duarte and Cebriá n 1996; Duarte and Agustí 1998; Gattuso and others 1998; Carignan and others 2000) . The net community metabolism, the difference between gross production and community respiration, is usually a small fraction of the magnitude of the metabolic fluxes of GPP and R, which are often in close balance (Williams 1998; Duarte and Agustí 1998; Williams 2000) .
The average aquatic primary production required to generate an excess organic carbon supply over respiratory losses varies considerably but consistently across aquatic ecosystems (Figure 1 ; compare Duarte and Agustí 1998), depending on the allochthonous organic loading they receive. The aquatic primary production required to balance the community respiration demand is highest, on average, for rivers and marshes, which receive large amounts of organic carbon from their watersheds, and must reach an average level of 2.65 g O 2 m )3 d )1 before primary production balances respiratory demands (Figure 1 ). Aquatic primary production is lowest in the ocean, where a primary production of at least 0.035 g O 2 m
)3 d )1 is required for planktonic communities to become autotrophic (Duarte and Agustí 1998 ). This threshold is low, but exceeds the arealweighed average primary production in the open ocean (Knauer 1993 Realization of the prevalence of net heterotrophic aquatic ecosystems (Duarte and Agustí 1998) has prompted increased attention to the quantification of aquatic respiration rates, of which there is still a rather primitive understanding compared to the considerable body of knowledge acquired over the past decades on aquatic photosynthesis (Williams 2000; del Giorgio and Duarte 2002; del Giorgio and Williams in press-a, b) . These efforts are providing evidence that heterotrophic aquatic ecosystems are more prevalent than hitherto represented in the available literature, a result of our collective bias towards the study of community metabolism of relatively productive ecosystems (Duarte and others 1999) . This situation is exemplified by the recent and rapid accumulation of reports of a net heterotrophic microplankton community in the subtropical Atlantic Ocean Awareness of the prevalence of heterotrophy in aquatic ecosystems has, in turn, directed attention Figure 1 . The fitted power regression equations describing the relationship between gross primary production (GPP) and respiration (R) in different types of aquatic ecosystems a, and b the threshold primary production required to render various types of aquatic ecosystems net autotrophic (that is, GPP at GPP = R), as derived from the intercept between the fitted regression lines and the 1 to 1 line (that is, GPP at GPP = R). Data from Duarte and Agustí (1998). to the quantification of the allochthonous inputs of organic carbon to aquatic ecosystems, which are necessary to support the excess respiratory activity (Duarte and Agustí 1998; Duarte and others 1999; Cole del Giorgio and Duarte 2002) . These efforts are starting to provide evidence of a general correspondence between the DOC concentration and the metabolic status of aquatic ecosystems. For instance, recent results have identified a threshold of 400-500 lM DOC separating autotrophic from heterotrophic lakes in Canada and northern USA (Hope and others 1994; Prairie and others 2002; Hanson and others 2003) . Most importantly, these findings are driving current research towards a greater appreciation of the integration among aquatic ecosystems and between these and terrestrial ecosystems, suggesting that a substantial fraction of the terrestrial primary production is exported away and respired in aquatic ecosystems Models of the sources and fates of organic C in aquatic systems also point to widespread net heterotrophy in lakes and rivers. Caraco and Cole (2004) examined the relative magnitudes of allochthonous and autochthonous support of aquatic metabolism in lakes and rivers and produced a model that suggests that net heterotrophy must be the most prevalent case in lakes and rivers, despite findings that allochthonous organic carbon inputs are respired faster in rivers than in lakes (Caraco and Cole 2004) . Further, the model developed by Caraco and Cole (2004) predicts that the respiration of allochonous organic carbon should contribute up to 50 % of total lake respiration in oligotrophic lakes with high organic carbon inputs, declining as nutrient inputs increase and organic carbon decrease, a prediction substantiated by cross-lake comparative analyses (Prairie and others 2002; Hanson and others 2003) . Carbon budget models in streams also point to widespread heterotrophy supported by allochthonous, land-derived, carbon inputs (Webster and Meyer 1999) .
These findings highlight the importance of lateral transport processes, and should, therefore, promote a shift from 1-D models to 3-D models of organic carbon cycling in aquatic ecosystems that better integrate ecosystems spatially. For instance, net autotrophic coastal benthic communities may deliver the organic carbon needed to support net heterotrophic planktonic communities (for example, Lucea and others in press). Net heterotrophy may also result from organic carbon exchanges within large ecosystems, such as oceanic basins. Hansell and others (2004) showed that transport of dissolved organic carbon is sufficient to render the North Atlantic net heterotrophic. The integration between the carbon budgets of terrestrial and aquatic components of the biosphere is, however, still pending, despite evidence derived from examination of carbon budgets in either one of these components that terrestrial ecosystems must export substantial amounts of carbon to aquatic components of the biosphere (Houghton 2003) , and that aquatic components must receive substantial inputs of allochthonous carbon (for example, Duarte and Agustí 1998 ). An integrative approach to the examination of the carbon budget of the biosphere may also help resolve and understand apparent imbalances at lower scales.
As indicated earlier, the growing evidence for net heterotrophy in aquatic ecosystems has met opposition both in freshwater (Carignan and others 2000) and the open sea (Williams and Bower 1999; Karl and others 2003; Robinson and Williams in press ). Controversy about the occurrence of net heterotrophy in lakes was resolved by identifying that heterotrophy was more probable in lakes with relatively high dissolved organic carbon concentration (Prairie and others 2000; Hanson and others 2003) . The prevalence of net heterotrophy in open sea communities has been postulated to be partially an artifact derived from a possible underestimation of oceanic GPP, due to (1) inadequacy of present estimates of oceanic primary production, based on 14 C uptake (del Giorgio and Duarte 2002; del Giorgio and Williams in press-a), and (2) the belief, based on the observation of a pulse of O 2 to N 2 disequilibria off Hawaii, that much of GPP may occur in infrequent, but significant pulses that elude observation (Karl and others 2003) . Whereas there is consensus that the 14 C uptake underestimates oceanic GPP, the evidence for sampling bias is very limited. Frequency distributions of R and GPP, in the Southern Ocean (Agustí and others
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2004), the NE Subtropical Atlantic (Duarte and others 2001) , and the Mediterranean littoral (Duarte and others in press), do not support the existence of a greater skeweness in GPP relative to R, and O 2 to N 2 disequilibria concurrent with temperature anomalies may result from their different solubilities rather than net autotrophy (Compare data in Karl and others 2003) . Moreover, the imbalance between R and GPP in the ocean grows much larger when considering the layer extending below the photic zone (del Giorgio and Duarte 2002), and is, consequently, more difficult to account for methodological artifacts. Inputs of organic carbon from the atmosphere and from the autotrophic coastal ocean are potentially large (Duarte and others 1999; del Giorgio and Duarte 2002) , possibly driving the open ocean ecosystem to net heterotrophy. However, these inputs are rather poorly constrained at present (del Giorgio and Duarte 2002) . In summary, the occurrence of net heterotrophy in open ocean communities remains controversial, largely due to difficulties in accounting for the allochthonous organic carbon inputs required to fuel the excess respiration (Williams and Bower 1999) as well as difficulties in reconciling a net heterotrophic upper ocean with the measured sinking flux of organic carbon.
CO 2 EXCHANGE IN AQUATIC ECOSYSTEMS
Unbalanced aquatic metabolic processes will generate gaseous disequilibria with respect to the atmosphere, which can, therefore, provide indications of the prevalence of auto-or heterotrophy. Net heterotrophic aquatic communities are net producers of CO 2 to the atmosphere whereas net autotrophic communities act as net CO 2 sinks. Yet, direct demonstrations of links between net ecosystem production and CO 2 exchange are still few. Indeed, this expected link is confounded by thermodynamic and hydrodynamic effects on gas exchange and the anthropogenic perturbation of the CO 2 budget.
The combustion of fossil fuel in the industrial era has greatly raised atmospheric pCO 2 (IPPC 2001), forcing the ocean into a net sink for CO 2 by physical diffusion (Watson and Orr 2003; Sabine and others 2004 ). Yet, global surveys of pCO 2 distribution in the oceans (Takahashi and others 2002) indicate that about 66 % of the ocean surface periodically emits CO 2 to the atmosphere, and about 40 % of the ocean surface outgases CO 2 on an annual basis (Figure 2 ). It is intriguing that, despite the elevated pCO 2 in the atmosphere, some large areas of the ocean are both net heterotrophic and supersaturated in CO 2 , a situation primarily encountered in the subtropical ocean (Takahashi and others 2002) , where planktonic communities are often heterotrophic ( . The biological organic C balance of the ocean, both pre-and post-anthropogenic perturbation, is still unclear (del Giorgio and Duarte 2002), although most calculations suggest that the ocean, taken as a whole, is slightly net hetereotrophic (Smith and MaKenzie 1987; Raven and Falkowski 1999; Duarte and others 1999; del Giorgio and Duarte 2002; Ducklow and McCallister in press ). Indeed, the ocean is believed to have been a weak source of CO 2 before the industrial perturbation of the CO 2 budget (Watson and Orr 2003) . Yet, the separation of physical and biological influences, and the variability of the air-sea pCO 2 gradient in time and space, mean that the ocean as a whole can simultaneously be net heterotrophic while acting as a net sink for atmospheric CO 2 (Ducklow and McCallister in press) .
Data compilations for streams, lakes, and rivers around the world show that the vast majority of freshwater ecosystems investigated (90%, Figure 2 ) emit CO 2 to the atmosphere (Jones and Mulholland 1982; Kling and others 1991; Cole and others 1994) . These effluxes are particular high in tropical systems; Amazon alone is believed to outgas about 0.5 Gt C y )1 (Richey and others 2002). Dillon and Molot (1997) showed, applying a DOC and DIC mass balance model to Canadian lakes, that CO 2 emissions to the atmosphere were largely supported by allochthonous DOC inputs to the lakes, 30 % of which were respired within the lakes. Estuaries, which also receive large terrestrial organic carbon inputs, have also been reported to be important sources of CO 2 to the atmosphere (Frankignoulle and others 1998) at least regionally. These emissions do not necessarily result from respiration within aquatic ecosystems, as some of the CO 2 they emit to the atmosphere may in fact derive from respiration on land transferred to aquatic ecosystems through the loading of dissolved inorganic carbon from groundwater. Yet, analyses of the carbon budget of the biosphere largely ignore freshwater and estuarine ecosystems (for example, IPCC 2001), which are considered to play a negligible role in CO 2 exchanges, despite current knowledge suggesting they may be important vectors of carbon transformation and CO 2 emissions to the atmosphere. Indeed, freshwater ecosystems are important vectors of CO 2 emissions to the atmosphere, with an estimated CO 2 efflux of more than 1 Gt C y )1 (Table 1) . These emissions represent about half of the currently accepted oceanic uptake, bringing the CO 2 exchange of the aquatic compartment of the biosphere to a modest net uptake of 1.2 Gt C y )1 (Table 1) .
PROSPECT
The available information on the metabolism and CO 2 fluxes from aquatic ecosystems brings into question two commonly held assumptions, (1) that aquatic ecosystems are autotrophic, depending solely on their own production, which is opposed to accumulating evidence for heterotrophy in aquatic ecosystems; and (2) that freshwater ecosystems are negligible components of the C budget of the biosphere, which is inconsistent with the high CO 2 emission rates from freshwater ecosystems to the atmosphere which are not much lower in magnitude than the CO 2 uptake by the ocean. The prevalence of heterotrophic metabolism and CO 2 efflux from aquatic ecosystems necessarily requires allochthonous inputs of organic (Odum 1956; Cole and others 1994; Cole and Caraco 2001) , and possibly inorganic (Raymond and Cole 2003) carbon to the aquatic systems, and therefore emphasizes the importance of transfers between adjacent systems. The metabolic imbalances in some regions of the oceans may be accounted for, by internal redistribution of organic carbon involving, for example, export from coastal to open-ocean ecosystems (Duarte and others 1999; others 2000, 2002; del Giorgio and Duarte 2002; Ducklow and McCallister in press) and a modest (0.4 Gt C y )1 , Ludwig and others 1996) input from land. In contrast, the CO 2 efflux from freshwater ecosystems requires land-derived inputs of organic as well as inorganic carbon from land (Raymond and Cole 2003) . There is therefore growing evidence of a close link between the terrestrial, freshwater, and marine components of the biosphereÕs carbon budget (Houghton 2003) , as the important role of allochthonous, land-derived inputs in supporting aquatic metabolism is being recognized both for freshwater (del Giorgio and Peters 1994; Prairie and others 2002) and marine (Bauer and Druffel 1998; Duarte and Agusti 1998; Duarte and others 1999; others 2000, 2002; del Giorgio and Duarte 2002) ecosystems. The fact that terrestrial organic carbon may be exported and support metabolism in aquatic environments also suggests that the transference from the terrestrial to the aquatic domain affects the lability of the materials exported (for example, Bertilsson and Tranvik 2000) , in addition to enhancing transport. The understanding of the changes in lability of terrestrial organic carbon as it enters the aquatic biosphere is an important challenge for the future. 
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In addition to water as a vector for these transferences, the atmosphere may also be an important vector of organic carbon transference among ecosystems, as indicated by suggestions that atmospheric carbon inputs to the ocean may be high (del Giorgio and Duarte 2002). There are multiple routes and forms in which allochtonous organic carbon can be transferred from terrestrial to aquatic ecosystems, supporting net heterotrophy and CO 2 emissions (Cole and others 1994) . Despite historical interest in cross-habitat carbon fluxes, our capacity to integrate these still requires significant improvement (Vanni and others 2004) . In addition, the correspondence between aquatic metabolism and CO 2 emissions or uptake need to be explicitly tested and not only assumed, as there are processes, including physical and chemical processes that affect CO 2 emissions and that may confound the relationship between aquatic metabolism and CO 2 emissions, which may explain differences in the prevalence of CO 2 emissions and net heterotrophy in aquatic ecosystems. In summary, the division between terrestrial, marine, and freshwater components has been used as a convenient way to compartmentalize the biosphere, but evidence suggests that the integration of the processes involved is much greater than originally envisioned. The major changes in our views of aquatic ecosystem metabolism promoted by realization of the prevalence of heterotrophy in aquatic ecosystems and the resulting appreciation of the extent of the integration between adjacent ecosystems, qualifies as a potential paradigm shift in our understanding of aquatic ecosystems. Hopefully, this reassessment will yield a more integrative understanding of the carbon flux in the biosphere as well as a better integration between aquatic and terrestrial components, which are currently assessed independently or neglected all together, as is the case in freshwater ecosystems, which are still absent from current depictions of the carbon budget in the biosphere (IPPC 2001) . Proper consideration of all aquatic ecosystems in the global C budget of the biosphere can only lead to an improved estimation of the fluxes involved and in some cases, may even alter our perception of the very direction of these fluxes.
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